The electric field of a laser pulse can be described as Here we report the first method permitting absolute CEP detection with a solid-state detector applicable in ambient conditions. Recently, we have shown that the strong electric field of an intense, linearly-polarized, visible/near-infrared (VIS/NIR), few-cycle laser pulse can rapidly increase the (ac) conductivity of a solid insulator, allowing electric currents to be induced and switched with the field of visible light [22] . In these experiments, we exposed amorphous silicon dioxide (bandgap g 9 eV E ≈ ) to a strong, controlled electric field ( ) F t of a few-cycle pulse with a carrier photon energy of ∆ is a consequence of dispersive pulse broadening inside the glass wedges. However, in our experiments P ( ) Q l ∆ was still detectable above the noise level for values of 400 µm l ∆ > , corresponding to a pulse duration of more than 9 fs (FWHM of the time-dependent cycle-averaged intensity).
Solid-state light-phase detector
π ω of the waveform, CE ϕ affects the evolution of nonlinear electron phenomena driven by ( ) F t , including high-order harmonic generation [5, 6] , ionization of atoms and molecules [7] [8] [9] , interaction with plasmas [10] , as well as photoemission from metals [11, 12] and nanoparticles [13] . Attosecond control over these processes calls for control and full characterization of the applied electric field ( ) F t .
Attosecond streaking [14] permits complete measurement of the vector potential of a laser pulse, from which ( ) F t is easily obtained as its temporal derivative. Alternatively, the combination of conventional pulse characterization techniques [15] [16] [17] acquiring the normalized complex amplitude
and a measurement of the CEP, CE ϕ , may provide access to the full waveform. While relative changes of the CEP can be detected by spectral characterization of mixed fields using simple and inexpensive setups [18] [19] [20] [21] , tracking down its absolute value so far is based on nonlinear photoemission from atoms or solids with stereo above-threshold ionization (stereo-ATI) [2] [3] [4] and attosecond streaking [14, 17] , both requiring rather complex, space-consuming vacuum apparatus.
Here we report the first method permitting absolute CEP detection with a solid-state detector applicable in ambient conditions. Recently, we have shown that the strong electric field of an intense, linearly-polarized, visible/near-infrared (VIS/NIR), few-cycle laser pulse can rapidly increase the (ac) conductivity of a solid insulator, allowing electric currents to be induced and switched with the field of visible light [22] . In these experiments, we exposed amorphous silicon dioxide (bandgap g 9 eV E ≈ ) to a strong, controlled electric field ( ) Fig. 1 . The junction was exposed to a strong optical field at normal incidence, with perpendicular polarization of ( ) F t , cf. Fig. 1(a) -(b). The peak electric field amplitude was set at 0 1.24 V/Å F ≈ , by focusing pulses of 4 µJ ∼ energy. This is only ~1% of the total pulse energy of the utilized few-cycle laser system [23] . All experiments reported herein were performed in vacuum due to requirements of the stereo-ATI measurements. However, CEP detection via optical field-induced currents in a solid dielectric can be achieved in ambient conditions, as demonstrated in Ref. [22] .
The stabilized CEP of the laser pulses was modulated to allow every second pulse in the train to have the same CE ϕ (i.e. CE ϕ was altered by π for consecutive pulses). This specific variation of CE ϕ is beneficial for the isolation of CEP-dependent electric currents using a lock-in amplifier for removal of CEP-independent background signals (see Methods Summary). In the following, " CE ϕ " always denotes the CEP of odd-numbered pulses.
However, recent experiments with an improved geometry of the solid-state device lead to a reduction of the CE ϕ -independent charge per pulse by about two orders of magnitude, enabling a direct readout of the P CE ( ) Q ϕ without the requirement of a lock-in amplifier.
The CEP was continuously adjusted by changing the propagation length l ∆ of the pulses through a pair of fused silica wedges [21] . The value of l ∆ for which the CEP is changed by ∆ is a consequence of dispersive pulse broadening inside the glass wedges. However, in our experiments P ( ) Q l ∆ was still detectable above the noise level for values of 400 µm l ∆ > , corresponding to a pulse duration of more than 9 fs (FWHM of the time-dependent cycle-averaged intensity).
Subsequently, P
Q was calibrated with respect to the absolute CEP of the laser pulse via stereo-ATI measurements performed with identical pulses [4] . After the measurement of P ( ) Q l ∆ with the solid-state device, a mirror was inserted into the beam path, deflecting the pulses into a stereo-ATI apparatus located -together with the solid-state detector -in the same vacuum chamber (Fig. 1) . Here, the CEP of the incident laser pulse was detected by analyzing the kinetic energy distribution of electrons that are photoemitted from Xe atoms, see Methods Summary. An uncertainty due to a Gouy phase shift in both foci can be neglected since in both experiments, the sample was placed exactly in the region of the highest laser intensity.
We set 17 different propagation lengths l ∆ , ranging from 21.5 µm − to 27.5 µm +
. For each of them, 500 single-shot stereo-ATI measurements were performed. Because consecutive laser pulses had a CEP-shift of π , which is only required for the accurate detection of P ( ) Q l ∆ , only spectra from odd-numbered pulses were considered for the stereo-ATI measurements.
As shown in [4] , CE ϕ can then be reconstructed by calculating two asymmetry parameters ( , ) X Y by integrating the averaged time-of-flight spectra L,R TOF ( ) n t of the electrons photoemitted from Xe atoms by the intense few-cycle VIS/NIR pulses in two different regions. The parametric plot of ( , ) X Y in Fig. 2 (a) was obtained by calculating, for each
. The photoelectron spectra L,R TOF ( ) n t
were measured with the left (L) and right (R) micro-channel plates (MCPs) of the set-up in Fig. 1 . The values for the integration were 1 We have compared the results of the solid-state-based phase retrieval with the predictions of two quantum mechanical models. The first model, which was earlier employed in Ref. [24] to describe the ultrafast increase in conductivity of SiO 2 nanojunctions, is based on the nearestneighbor tight-binding approximation. The second model, presented in detail in Ref. [25] , describes quantum dynamics in a one-dimensional pseudopotential (see the Methods
Summary for details). In both models, the electric field in the medium is evaluated selfconsistently with the induced polarization. As revealed in Fig. 2(b) , an excellent agreement is achieved between the measured data and the predictions of both theoretical models. ϕ . For example in Fig. 3(a) , In summary, we have demonstrated the feasibility of measuring the absolute CEP of fewcycle laser fields with a solid-state device. Its ability to function in ambient conditions at relatively low laser energy, its stability against fluctuations of the laser energy and also providing a direct electronic readout makes this approach uniquely powerful. Furthermore, the lifetime of such a device is not limited by laser induced damage. Thus, this light phase detector holds promise as a valuable addition to the toolbox of attosecond metrology and spectroscopy, not only for absolute CEP detection, but also for CEP stabilization.
Methods Summary
Source of ultrashort laser pulses. Linearly polarized laser pulses in the visible/near-infrared with ~400 µJ pulse energy and controllable CEP are generated at a 3 kHz repetition rate with a customized titanium-sapphire chirped-pulse amplifier (CPA) system [23] . The ultra-broadband spectrum of the laser pulses ranges from 500 -1050 nm, yielding a sub-4 fs pulse duration (full-width at half-maximum of the temporal intensity profile). This corresponds to a ~1.5-cycle pulse at a carrier wavelength of ~0.75 µm . The laser pulses can either be focused onto the solid-state system or into the gas cell of the stereo-ATI device, reaching a cycle averaged peak intensity of up to 14 2 1 10 W/cm × .
Photoactive metal-dielectric circuit. The solid-state device on which the experiments on ultrafast current in the solid-state have been performed consists of a nanoscaled metal-dielectric-metal junction. ) on both sides of the gas cell by using a micro-channel plate at the end of each vacuum tube and a photodiode behind the gas cell to detect the time of the laser pulse incidence. Thus, the absolute CEP of the incoming laser pulses can be reconstructed once the absolute dependence of the photoelectron spectrum on CEP is determined. This was done by numerically solving the time-dependent Schrödinger equation in the single active electron approximation [28, 29] using a model atomic potential known to accurately reproduce the energy structure and re-scattering behavior in strong-field photoionization [30] , and averaging the resulting photoelectron spectra over intensity. This map of photoelectron energy vs. CEP was then related to the experimental data as described in the main text.
Details of the quantum-mechanical simulation. We have employed two models. The first one is the same as that described in Ref. [24] . In the second model, described in Ref. [25] , we use an effective c were adjusted to obtain the best agreement between simulations and experimental data. Evaluating the transferred charge P Q , we averaged over the intensity distribution in the laser spot:
, where P 0 [ ] q F is the charge density for a given peak amplitude, and we assumed a Gaussian beam profile with a center at 0 x = and a beam waist of 50 µm . Our simulations indicate that the observed relative phase shift in the dependence of [24] and [25] can then be used to read out the actual value of CE ϕ . Thus, the real-time electric field of the incident laser pulse can be reconstructed.
